Electron transfer through the self-assembled monolayers (SAMs) on gold nanoparticles is investigated by using the monolayer protected gold nanoclusters (MPCs) as electron-transfer mediators. 3-Mercaptopropionic acid (MPA) and 11-meraptoundecanoic acid (MUA) MPCs were employed to catalyze the redox reaction between potassium ferricyanide and sodium thiosulfate. The catalytic mechanism was proposed that the MPCs act as diffusing electron-mediators and electron transfers to and from the MPCs surface. Therefore the electron transfer rate through the capping layers would be proportional to the MPCs catalyzed reaction rate, which was monitored by the UV absorbance of ferricyanide. The calculated apparent rate constant was orders of magnitude smaller than that of the maximum of tunneling current, which was attributed to the splited energy level of the nanoscale particles.
The intense research interest in nanosized particle materials is mainly fueled by their unique physical, chemical, electronic, and magnetic properties [1] .
Among these, they have shown great application potentialities in the catalytic regulation of electron-transfer reactions [2] . There are varied structural parameters that give rise to these interesting characteristics, which include, for instance, the particle core materials, size as well as surface chemical functionalities. For instance, despite the fact that bulk gold generally does not exhibit any measurable catalytic activities, recent studies have indicated that the oxidation of CO into CO 2 can be drastically catalyzed by nanosized gold particles and the activities can be optimized by simply tuning the particle core dimensions [3] as well as the charge state of (core) gold atoms [4] . In a related study, Zhong et al. [5, 6] also showed that even coated with a surfactant monolayer, gold nanoparticles still demonstrated quite apparent catalytic activities towards the electrooxidation of methanol and CO. In other studies, it has been shown that nanosized Pt and Pd particles supported in a dendrimer [7−9] or polymer [10] matrixes exhibited much improved catalytic activities in varied important organic reactions (e.g., hydrogenation and hydration).
In this paper, we employ gold nanoparticles prepared by the Brust protocol [11] (monolayer protected clusters, MPCs) to study their effects on the electron- transfer reactions between ferricyanide and thiosulfate. The reaction between potassium ferricyanide and sodium thiosulfate is one of the most classical reactions catalyzed by coinage metal colloids [12−14] . Earlier studies have shown that the catalysis is controlled by the colloid surface properties [12−14] . In general, transition-metal colloids act as highly dispersed electron-transfer mediators, where electron transfers are facilitated to and from the colloid surface. Inspired by the surface-controlled catalytic mechanism, gold nanoparticles protected respectively by 3-mercaptopropionic acid (MPA) and 11-meraptoundecanoic acid (MUA) monolayer (abbreviated as Au-MPA-MPCs and Au-MUA-MPCs) are synthesized to investigate the effects of the particles and, in particular, the particle surface protecting layer on the electron-transfer reaction between potassium ferricyanide and sodium thiosulfate. In addition, the apparent electron transfer (ET) rate through the 3D-SAMs is calculated and compared.
Experimental

Reagents
3-Mercaptopropionic acid (MPA), 11-meraptoundecanoic acid (MUA) and bovine serum albumin (BSA, M n ca. 66000) were purchased from Aldrich and used as received. Potassium ferricyanide, sodium thiosulfate, tetrachloroauric acid, sodium borohydride and propanetriol were of analytical grade and used as received as well. Water was purified with a Milli-Q Nanopure (18.3 MΩ) water system.
Synthesis of Au-MPCs
Au-MPA-MPCs and Au-MUA-MPCs were synthesized by the reduction of HAuCl 4 with NaBH 4 in the presence of MPA and MUA, respectively [11] . The Au-MPA-MPCs were synthesized in aqueous media while the Au-MUA-MPCs in ethanol and water mixed solvent (1:1 volume ratio). Then BSA was introduced to increase the thickness of the particle capping layer such that the ET rate through this layer was further decreased. The Au-MPA-MPCs and Au-MUA-MPCs were dissolved in 10% BSA (aqueous media) and stirred for 3 h. The solution pH was kept basic as excessive borohydride ions were not removed from the system. BSA could be adsorbed onto the gold nanoparticles via electrostatic interactions (and the resulting MPCs were referred to as Au-MPA@BSA-MPCs and Au-MUA@BSA-MPCs, respectively).
Instrumentation
The UV-Vis absorbance of Fe(CN) 6 3− was recorded with a Cary-100 UV-Vis spectrophotometer (VARIAN, USA). At 420 nm ferricyanide and gold nanoparticles absorb strongly, while at 470 nm only gold nanoparticles absorb with absorption coefficient very close to that at 420 nm [12] . Thus the absorbance intensity of ferricyanide for the initial reaction was recorded at 420 nm, while in the gold MPCs catalyzed reaction it was corrected by the absorption of gold nanoparticles at 470 nm. In a typical reaction, 2 mL of gold MPCs solution and 0.2 mL of 10 mM Fe(CN) 6 3− were added to a 1 cm quartz cell and the reaction was started by the addition of 0.2 mL of 100 mmol/L S 2 O 3 2−
. The reference solution for the Au-MPA-MPCs was water while for the Au-MUA-MPCs, it was a mixture of water and ethanol. The absolute value of reaction rate was determined from the linear regression of the ferricyanide concentration (calculated from the absorbance intensity) as a function of time.
TEM images of the gold MPCs were acquired with a JEOL-JEM-2010 transmission electron microscope operating at 200 kV (JEOL, Japan). Samples for TEM measurements were prepared by casting one drop of the cluster solution (ca. 4 mg/10 mL) onto a standard carbon-coated (20-30 nm) formvar film on copper grid (230 mesh). The catalytic mechanism of the reaction between Fe(CN) 6 3− and S 2 O 3 2− (eq. (1)) is generally recognized as being under surface control, in other words, the reaction rate is determined by the ET between ferricyanide and thiosulfate ions through the surface of the metal particles [12] [13] [14] . And the reaction can be monitored by the spectroscopic response of the ferricyanide species.
